tracted DNA was also tested for the formation of recomThe mechanism governing the preference for IH repair bination-specific restriction fragments [24] . We confirm during meiotic DSB-repair has yet to be fully understood.
earlier reports [22] that the generation of recombination The S. cerevisiae protein Mnd1 may, however, be part of products is strongly reduced ( Figure 1A ) but also find a this system. We first identified MND1 in an S. cerevisiae small degree of residual reciprocal recombination. functional genomics screen in which genes specifically Synapsis and recombination are interdependent in expressed early during meiosis were deleted [20] . In this S. cerevisiae and consequently SC formation is strongly study, we showed that mnd1⌬ cells permanently arrest compromised in mnd1⌬ cells. Although early stages, in prophase of meiosis I and, furthermore, that this arrest such as nuclei containing Zip1 foci or very short synaptic can be bypassed by deleting Spo11, hence implicating stretches occur normally, many mnd1⌬ cells arrest withMnd1 in meiotic DSB repair [20] . These findings have out or with immature SCs ( Figure 1B Figure 1A, [21, 22] ). Moreover, hardly in mnd1⌬ cells ‫.)%4ف(‬ The dmc1⌬ mnd1⌬ pch2⌬ Nuclear divisions were scored after DAPI staining during meiotic time courses of the indicated strains (dmc1⌬, FKY1443; mnd1⌬, FKY1424; dmc1⌬ mnd1⌬, FKY2054; mec1-1, FKY1484; mnd1⌬ mec1-1, FKY2050; dmc1⌬ mec1-1, FKY2049; dmc1⌬ mnd1⌬ mec1-1, FKY2051; red1 mnd1⌬, FKY2117; hop1 mnd1⌬ FKY2118; rec8⌬ P REC8 ::SCC1 FKY1889; mnd1⌬ rec8⌬ P REC8 ::SCC1 FKY2134). 100 cells were counted per time point.
triple mutant behaves identically to the dmc1⌬ pch2⌬ of breaks rather than loss of checkpoint control, as in mnd1⌬ mec1-1 mutants. double mutant (Table S2 ), suggesting that the presence As a measure of break formation and persistence, of Dmc1 on DSB ends accounts for some of the arrested we analyzed the distribution of Rad51 foci in MND1, mnd1⌬ pch2⌬ cells. spo11⌬, mnd1⌬, mnd1⌬ mec1-1, mnd1⌬ red1, and We also mutated MEC1, which encodes a highly conmnd1⌬ hop1 double mutants during meiotic time courses served protein kinase whose function is required for (Figure 3 ). In the absence of exogenous damage, the apmost DNA-damage checkpoints ( (Figure 2A ). However ‫%05ف‬ was detected on average in spo11⌬ cells at 4 hr in of progressive dmc1⌬ mec1-1 cells and over 80% of meiosis, demonstrating that Rad51 foci depend on meiboth mnd1⌬ mec1-1 double and dmc1⌬ mnd1⌬ mec1-1 osis-specific DSBs. In MND1 and mnd1⌬ cells, Rad51 triple mutant cells underwent nuclear fragmentation foci appear with similar kinetics, suggesting that early (Figure 2A) come repaired in these cells. mnd1⌬ mec1-1 double We found that meiotic nuclear division and spore formamutants illustrate that Rad51 foci persist in a checktion is also restored to wild-type levels in the absence point-defective situation. Figure 3A shows also examof Red1 or Hop1 in mnd1⌬ cells ( Figure 2B ). The bypass ples of anaphase I nuclei from different mutants. If the of the prophase arrest observed in mnd1⌬ hop1 or mnd1⌬ arrest was suppressed by mec1-1, anaphase I mnd1⌬ red1 double mutants did not produce fragnuclei contained high levels of Rad51 foci. In contrast, red1 or hop1 anaphase I nuclei contained no foci. Residmented nuclei, suggesting that it involves elimination of recombination. We determined the spore viability of mnd1⌬ red1 spo13 strains to be Ͼ16% (n ϭ 40) and thus, similar to that of red1 spo13, ‫%52ف‬ (n ϭ 40). This indicates that Mnd1 is not essential to repair the significant subset of DSBs that still occur in the red1 spo13 strain, which is estimated to be about 40% that of the wild-type, as judged by Rad51 foci (Figure 3 ) and physical analysis [40] . mnd1⌬ spo13 cells, in contrast, do not sporulate at all. The hop1 mutation had an analogous effect similar to red1. Neither red1 nor hop1 rescues spore viability in a rad52 spo13 double mutant [ Rad54 has been specifically implicated in the IS-repair pathway [14, 42], and its overexpression partially rescues sporulation in dmc1⌬ mutant cells [41] , presumably by channeling DSB-repair into the IS pathway. Overexpressing RAD54 in the dmc1⌬ and mnd1⌬ single and dmc1⌬ mnd1⌬ double mutants revealed that restoration of sporulation in mnd1⌬ cells required the absence of Dmc1 (Table S2 ). We interpret the selective effect of Rad54 overexpression as a result of its stimulation of IS repair and suggest that the presence of IH-specific Dmc1 at DSB sites, but not of Mnd1, may interfere with successful Rad54-mediated IS repair.
Why is Mnd1 required for repair specifically during meiosis? Although Scc1 is able to support cohesion during meiosis I [43] , only the incorporation of Rec8 instead of Scc1 in the cohesin complex during premeiotic S phase guarantees full functionality in recombination and segregation. To test whether Mnd1 is specifically required for DNA repair in the presence of Rec8, we expressed Scc1 during meiosis from the REC8 promoter [43] in an mnd1⌬ rec8⌬ mutant background. More than 50% of cells completed at least the first meiotic division In order to investigate whether Mnd1 is a chromatinassociated protein, we constructed a strain carrying the spo13 mutation, which restores viability in the absence 5A ). We only rarely observed colocalization of both labels, consistent with pachytene nuclei showed that Mnd1 is present in the nucleolus and the rDNA region (arrows in Figure 4D) . random overlaps. We do not, however, exclude that a fraction of Rad51 (or Dmc1) foci may align side by side In order to assess the localization dynamics of Mnd1, 50 randomly selected nuclei from each time point were with Mnd1 foci. Overall, the observation strongly suggests that Mnd1 does not associate specifically with the analyzed for Mnd1 and Zip1 staining. While both pro-spo11, hop1, hop2, red1, dmc1, zip1, and zip2 mutants, we confirmed earlier observations that association of Mnd1 with meiotic chromatin requires Hop2, but not Spo11 ( Figure 5B) Figure 5B and data not shown) . We therefore conclude that interaction of Mnd1 with chromatin is independent of DSB formation and repair as well as axis formation and synapsis.
Premeiotic S phase differs from mitotic S phase by the loading of meiosis-specific proteins onto chromatin (reviewed in [45] ). Rec8, the meiosis-specific cohesin subunit [4, 5], associates with chromatin and establishes meiotic sister chromatid cohesion. Lack of Rec8 causes accumulation of unrepaired meiotic DSBs very similar to that caused by lack of Mnd1. However, Mnd1 foci are correctly formed in the rec8⌬ mutant. Finally, we utilized a clb5⌬ clb6⌬ double mutant strain to examine Mnd1-foci formation in a mutant defective in the initiation of premeiotic S phase [46] . Deletion of Clb5 and Clb6 abolishes meiotic DSB-formation and severely affects meiotic chromosome morphogenesis [47] . However, the distribution of Mnd1 foci appears to be essentially unchanged (Table S3) . We did notice a subtle change in the pattern of Mnd1 localization in mutants with defects in synapsis. The nuclei had a more uniform appearance with regular-sized foci and showed one or several accumulations of foci, which almost always coincided with the presence of one or several Zip1 polycomplexes (PCs) ( Figure 4C) . However, the frequency of such accumulations of Mnd1 remains unaffected by deletion of ZIP1 (data not shown), suggesting that the two aggregates have no causal relationship with each other.
Mnd1 Does Not Preferentially Associate with Hotspots of Meiotic Recombination
The observation that Mnd1 foci colocalize neither with Rad51 nor with early Zip1 foci suggests that the essential function of Mnd1 is physically or temporally removed from the strand transfer reaction. Quantitative chromatin control. It can be seen that Mnd1-HA associates with DNA in a time-dependent manner at both hot and cold regions but that there is no strong preference for binding at hot regions ( Figure 5C DNA replication (Clb5, Clb6) . However, we noted a reproducible increase of coprecipitated DNA that prevents excessive 5Ј end resection. and an increased difference between hot and cold regions in the rec8⌬ mutant ( Figure 5C ).
Foci Formation of Mnd1 Is Independent We summarize that Mnd1's association with chromaof Premeiotic S Phase tin is not limited to meiotic recombination hotspots is
Immunocytological analysis of spread meiotic nuclei deindependent of most meiosis-specific processes and rived from a strain carrying a functional HA epitopeoccurs even in the absence of premeiotic S phase. Moretagged version of Mnd1 revealed that Mnd1 localizes over, the absolute requirement of Mnd1 for meiotic divito meiotic chromosomes as foci (Figure 4 ). This consions is bypassed by replacing the meiotic cohesin trasts with a previous report that Mnd1 tagged with apparatus with a more mitosis-like version and by progreen fluorescent protein (GFP) globally associates with motion of IS-repair pathways. Hence, we propose that chromatin in a manner reminiscent of DAPI staining [21]. Mnd1's activity to allow DSB repair only becomes essenThis discrepancy could reflect a higher resolution of tial in the specific chromatin environment of meiosis, detection with Mnd1-HA as opposed to Mnd1-GFP or which promotes IH bias. a difference in the applied preparation technique. However, even when we omitted any detergent from our spreading protocol to eliminate the major risk of losing Human Mnd1 Is Ubiquitously Expressed BLAST searches against Genbank using the protein seantigen from the preparation, the staining pattern remained focal in most spread cells. Only pachytene chroquence of S. cerevisiae Mnd1 yielded homologous proteins in Encephalozoon cuniculi, Schizosaccharomyces mosomes sometimes appeared to be covered by foci that could not be further resolved. We therefore believe pombe, Arabidopsis thaliana, Mus musculus, and Homo sapiens ( Figure S1 ). The presence of MND1 in the genethat for the large majority of cells, the focal pattern very likely reflects the in vivo localization of our construct. poor genome of E. cuniculi highlights the importance of its function.
That Mnd1-HA was resolved as well-separated foci allowed us to determine that Mnd1 foci do not colocalize To gain an overview of the expression patterns of HsMND1, cDNA libraries from various human tissues extensively with Zip1, Dmc1, or Rad51 foci. Formation of Mnd1 foci on chromatin was indepenwere analyzed by PCR for the presence of the HsMND1. The expression of ubiquitously expressed ␤-actin was dent of DSB, AE, and SC formation and did not require cohesin or premeiotic DNA-synthesis. If Zip1 polycomused as a control. HsMND1 was expressed in every tested tissue at varying levels ( Figure S1 ), the weakest plexes were formed, aggregates of Mnd1 were generally found associated with them (Table S3) . However, aggreexpression level being detected in peripheral leukocytes. The strongest PCR products were obtained from gates of either gene product occur frequently in strains deleted for the other gene, suggesting that the two agtonsil, thymus, fetal liver, and lymph node cDNA samples ( Figure S1 ). As the level of ␤-actin expression was gregates have no causal relationship with each other. Rather there might be a tendency to cohabitate the same roughly equal in all tested tissues, the pattern of HsMND1 expression levels are likely to reflect true differnuclear compartment (possibly the nucleolus). The finding that Mnd1 coprecipitated both hotspot and coldspot ences in transcript abundance in the various tissues. The fact that Mnd1 is not exclusively expressed in the DNA in a meiosis-specific manner suggests that also Mnd1 foci may not differentiate between regions hot or germline raises the possibility that Mnd1 has acquired additional functions in somatic tissue. cold for recombination. Figure 3A) , suggesting that a repair pathway is operating. The fact that cell cycle dent DNA-damage checkpoint is thought to respond to ssDNA [51] , the tight arrest may well be a consequence progression is not fully restored in the double mutant is most likely due to the inefficiency of rec8⌬P REC8 ::SCC1 of this massive production of ssDNA. The existence of residual crossovers ( Figure 1A ) also corroborates find-MND1 cells in meiotic DSB repair, since the sporulation of this strain can be restored to ‫%08ف‬ by deleting SPO11 [43] . The absence of Mnd1 may even improve repair, as deletion of MND1 improves nuclear division in the rec8⌬P REC8 ::SCC1 strain background (Figure 2) . One explanation for the suppression of arrest in mnd1⌬ cells by replacement of REC8 by SCC1, is that the requirement for Mnd1 in meiotic DSB repair is largely bypassed. This raises the possibility that Mnd1 functions specifically within the environment of Rec8-dependent meiotic chromosome organization. The decrease of Rad51 foci in P REC8 ::SCC1 nuclei suggests that these cells are able to eliminate some of the breaks, albeit inefficiently. In contrast, Rad51 foci persist much longer in mnd1⌬ mec1-1 nuclei.
Mnd1 Operates in a Pathway
Rec8 is also required for formation of the AE and localization of the AE proteins, Red1 and Hop1 [5]. Deletion of either RED1 or HOP1 has been shown to alleviate Dmc1 is most likely involved in the IH-specific repair dmc1⌬ and dmc1⌬ red1 double mutants were also anapathway. lyzed [7] . In the dmc1⌬ mutant, DSBs accumulate and Differences between mnd1⌬ and dmc1⌬ phenotypes become hyperresected while repair intermediates fail to do, however, exist. In the BR strain background (but not appear, indicating that Dmc1 is essential for repair under in SK1) the dmc1⌬ mutation is less efficient in triggering wild-type conditions. Importantly, in the red1 dmc1⌬ DNA damage arrest compared to mnd1⌬ [53] . Suppresdouble mutant, repair is restored, albeit only IS repair. sion of spore inviability of a hop2⌬ BR strain by overexDSBs disappear in the red1 dmc1⌬ double mutant as pression of Rad51 is greatly improved by additional dein wild-type, while IS-dHJs, but not IH-dHJs, appear [7] . letion of Dmc1 [53] . Similarly, overexpression of RAD54 Thus, Red1 represses IS repair in dmc1⌬ mutants and supports nuclear divisions in mnd1⌬ mutants if DMC1 Dmc1 promotes IH repair in red1 mutants [7, 52] .
is deleted (Table S2) . Finally, the deletion of PCH2, a Bypass of the meiotic prophase arrest of mnd1⌬ cells gene assigned to the pachytene checkpoint [31], also by disruption of red1 (or hop1) could be similar to that allows nuclear divisions in mnd1⌬ mutants but only in of dmc1⌬ cells. The red1 mutation may allow Mnd1-the absence of DMC1 (Table S2) matid, which acts as the repair template, but further
